The construction of microbial cell factories for sustainable production of chemicals and pharmaceuticals requires extensive genome engineering. Using Saccharomyces cerevisiae, this study proposes Synthetic Chromosomes (SynChs) as orthogonal expression platforms for rewiring native cellular processes and implementing new functionalities. Capitalizing the powerful homologous recombination capability of S. cerevisiae, modular SynChs of 50 and 100 Kb were fully assembled de novo from up to 44 transcriptionalunit-sized fragments in a single transformation. These assemblies were remarkably efficient and faithful to their in silico design. SynChs made of non-coding DNA were stably replicated and segregated irrespective of their size without affecting the physiology of their host. These non-coding SynChs were successfully used as landing pad and as exclusive expression platform for the essential glycolytic pathway. This work pushes the limit of DNA assembly in S. cerevisiae and paves the way for de novo designer chromosomes as modular genome engineering platforms in S. cerevisiae.
INTRODUCTION
Microbial cell factories have an important role to play in the development of a sustainable and environmentally friendly biobased economy, as already exemplified by the ca. 100 billion litres of bioethanol (1) and half of the world's insulin (2) annually produced by Saccharomyces cerevisiae, more commonly known as baker's yeast. However the construction of novel microbial production hosts for chemicals and pharmaceuticals is impeded by the poor economic viability of bio-based processes. Improving microbial process profitability and competition with current (petrochemical based) production methods, requires powerful microbial cell factories that produce (novel) chemicals from non-native feedstock (3) with high product yields and productivity in harsh industrial conditions. This can only be accomplished by extensive genome engineering that not only adds new functionalities to the host microbe, but also deeply rewires its native cellular and metabolic processes (4, 5) .
Although the construction of synthetic cell factories with designer genomes, tailor-made for the optimum production of certain chemicals, might become feasible in the future, it is currently far from reach.
One reason is our still limited understanding for the absolute requirements of life, as demonstrated by the recent reconstruction of a minimal Mycoplasma genome in which one third of the essential genes are not functionally characterized (6) . The second major hurdle in the synthesis of designer genomes is DNA synthesis. The maximum size for the chemical synthesis of ssDNA of a quality that can be used for biotechnological application is 200 bp (7, 8) . Despite recent developments in stitching together these ssDNA parts into genes, routine synthesis of designer genomes would be too cumbersome and expensive (8, 9) .
Indeed, although numerous fast (seamless) in vitro assembly methods (10) have been developed such as:
Gibson assembly, Golden Gate, ligase cycling reaction, seamless ligation cloning extract and circular polymerase extension cloning, these methods are intrinsically limited in the number of fragments that can be assembled as well as the final size of the assembled DNA. Furthermore, Escherichia coli, used as a propagation host (11) , cannot faithfully replicate genome-size DNA constructs (12) . It is S. cerevisiae that ultimately enabled the complete assembly and replication of the 580 Kb Mycoplasma genome (12) . The homologous recombination machinery of S. cerevisiae was able to assemble 25 overlapping DNA fragments of approximately 24 kb into the Mycoplasma genome as well as assemble 38 overlapping ssDNA pieces of 200 bp (13, 14) . This high efficiency and fidelity of homologous recombination has undoubtedly contributed to S. cerevisiae popularity as eukaryotic model and cell factory. Yet, the full extent of in vivo assembly capabilities in terms of size and number of fragments has not been explored. Introduction of large genetic constructs in S. cerevisiae typically takes place by integration in existing chromosomes, without much considerations for potential impact on the host chromosome architecture. The recent introduction of the noscapine pathway, for example, required introduction of 31 (heterologous) genes in nine different chromosomal loci (4) . Integration of large constructs might alter the chromosome structure and affect the expression of genes surrounding the newly added construct, as well as replication of the host chromosome.
It might also trigger unwanted chromosomal rearrangements between native chromosomes. It is long known that S. cerevisiae can stably replicate and segregate Yeast Artificial Chromosomes (YACs) (15) . In the present study, we explore the potential of in vivo assembled, supernumerary chromosomes for modular genome engineering in S. cerevisiae.
To enable easy remodelling of existing functions, Kuijpers et al. (16) developed the pathway swapping concept in S. cerevisiae. The genetic reduction and relocalization of the entire Embden-Meyerhoff-Parnas pathway of glycolysis to a single chromosomal locus enabled to swap this essential pathway to any new (heterologous) design in two simple steps (16, 17) . Combined to an orthogonal expression platform, in the form of a supernumerary Synthetic Chromosome (SynCh), pathway swapping would offer the possibility to make the introduction and expression of large product pathways in combination with the rewiring of essential native pathways, more efficient and predictable. Unlike the construction of chromosomes based on an existing structure for the Mycoplasma and S. cerevisiae genome projects (Sc2.0) (18, 19) , the SynCh assembly design should be based on modularity to allow for easy change in makeup and configuration of native and heterologous pathways.
The present study explores the possibility for a modular assembly of a designer, supernumerary SynCh for rational engineering of the yeast genome. A pipeline was developed for easy and rapid design, in vivo assembly and verification of SynChs. The limits of in vivo assembly in terms of number and size of assembled DNA fragments, efficiency and fidelity were explored. The stability of the Synchs and their impact on yeast physiology were probed. Finally the ability of supernumerary synthetic chromosomes to serve as landing pad for metabolic pathways and to carry essential pathways was investigated. This study paves the way for the implementation of supernumerary, synthetic chromosomes as modular expression platforms for native and heterologous functions.
MATERIALS AND METHODS
Detailed information on materials and methods is provided in the supplementary data and includes the following: strains, maintenance and growth media, molecular biology techniques, plasmid construction, strain construction, experimental quantification of SynCh assembly efficiency, fluorescence detection by microscopy and flow cytometry, contour-clamped homogeneous electric field (CHEF) electrophoresis, sequencing, physiological characterization, SynCh stability determination, in vitro enzyme activities and statistical analysis
RESULTS

Design considerations and proof of concept for the modular, de novo assembly of supernumerary synthetic chromosomes
Establishment of a workflow for fast and flexible construction of SynChs should include a set a rules to enable easy design, assembly and screening of SynChs with different configurations of genes and auxiliary parts. This flexibility, required for pathway optimization in future strain construction programs, gave the possibility to explore structural requirements for the assembly and maintenance of the SynChs in the present study. Indeed, in this nascent field, very little is known about SynChs design requirements and even less is known about SynChs stability and impact on physiology. The second most important construction criterion was the minimization of experimental steps to construct the SynChs. Accordingly, the chosen construction workflow exploits the strengths of in vitro and in vivo assembly, by first using Golden gate cloning for stitching functional DNA parts together (e.g. construction of transcription units from promoter, gene and terminator), then assembling de novo these in vitro stitched parts using S. cerevisiae's highly efficient homologous recombination ( Fig. 1A ). This workflow also minimized the number of PCR amplification steps, that are notoriously error-prone, to a single one.
In vivo SynCh assembly was promoted by framing the DNA fragments transformed to yeast with short overhangs with no homology with the yeast genome (60bp long called SHRs (20) ), that can be easily and cheaply added by PCR. The SynChs were designed to carry replicative fragments, including a centromere and autonomously replicating sequences (ARS) spaced every [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] , and markers to facilitate the selection of transformants with correctly assembled SynChs. To evaluate the efficiency of our SynCh construction workflow, two test chromosomes of 50 and 100 Kb were designed and assembled. To mimic assembly of pathways, typically composed of transcription units of ca. 2 to 3 Kb, but to avoid potential interference by gene expression from the SynChs, the test SynChs were assembled from 2.5 Kb noncoding E. coli DNA fragments. Specifically the test SynChs comprised: CEN6/ARS4 (22) , ARS1 (and also ARS417 for 100 Kb SynCh), two auxotrophic selection markers (HIS3 and URA3), three fluorescent proteins (Venus, mRuby2 and mTurquoise2), and 2.5 Kb non-coding E. coli DNA fragments used to reach the desired chromosome size (called filler fragments) and the telomerator (23) . This resulted in 23 fragments for the assembly of the 50 kb SynCh and 44 fragments for the 100 Kb SynCh (Fig. 2 ), which were transformed in a fixed molar amounts per fragment (therefore approximately twice as much DNA was transformed for the 100 Kb SynCh with respect to the 50 Kb SynCh). Despite the large number of DNA fragments, transformation on selective growth medium (histidine and uracil deficient) resulted in a large number of colonies (ca. 2000 colonies and 275 colonies, for the 50 Kb and 100 Kb SynCh respectively).
Four colonies of each transformation were checked by fluorescence microscopy and all expressed the three fluorescent markers ( Fig. 1B and Suppl. Fig. S1 ). For both test chromosomes, one of these four colonies was randomly selected and tested by diagnostic PCR of the assembly junctions (Suppl. Fig. S2 ), which revealed the correct assembly of the 50 and 100 Kb SynChs. The genome of two transformants harbouring the 100 Kb SynCh (IMF1 and IMF6) and one transformant harbouring the 50 Kb chromosome (IMF2) were sequenced. While IMF2 and IMF6 were faithfully assembled, harbouring all fragments of the in silico design in the correct configuration, IMF1 was not. According to the sequencing data, IMF1 carried all expected fragments but was harbouring an internal deletion in filler fragment (6C) and a duplication of a 35 Kb region (Suppl. Fig. S3 ). This duplication, covering the middle of mTurquoise2 to the middle of Venus, was confirmed by karyotyping using in-plug linearization of the SynCh (Suppl. Fig. S4 -S5) and most likely resulted from a recombination event between the mTurquoise2 and the Venus genes, which have a nucleotide identity of 97% (24) (25) (26) . SynChs can therefore be efficiently and faithfully assembled from as many as 44 fragments, despite the presence of an internal homologous region of approximately 700 bp, as well as regions homologous to the native chromosomes (pTEF1, pTEF2, pCCW12, tSSA1, ARS, HIS3 and URA3 expression cassette). The 60 bp SHRs were therefore sufficient to promote the efficient assembly of the SynChs.
Exploring optimal fragment size and number for efficient, modular in vivo assembly of SynChs
Although the assembly of the 50 Kb and 100 Kb SynChs resulted in a large number of colonies, doubling the number of transformed fragments caused a seven-fold decrease in colony count. This suggested that the number of fragments in the SynCh design might become a limiting factor for the construction of larger SynChs harbouring many native and non-native pathways. To gain more insight into transformation efficiency (i.e. CFU/10 8 transformed cells) and to test to what extent efficiency might be influenced by fragment size and/or the number of transformed fragments, new 50 and 100 Kb SynChs were designed and assembled using DNA filler fragments of three different sizes: 2.5 Kb, 5Kb and 10 Kb, transformed in equimolar amounts. The transformations resulted in a large number of colonies (10 3 -10 4 upon plating of the whole transformation mixture), and was most efficient with 5 Kb fragments. On average transformation with 5 Kb fragments was four-fold more efficient than 2.5 Kb fragments and three-fold more efficient than with 10 Kb fragments (one-tailed paired t-tests p ≤ 0.05), but fragments of 2.5 Kb and 10 Kb led to the same number of transformants (one-tailed paired t-test p > 0.05) ( Fig. 3A ). For each specific fragment size, doubling the number of fragments to assemble significantly decreased transformation efficiency by ca. 3fold (2-tailed paired t-test p < 0.01) ( Fig. 3A) . Therefore, for the assembly of large SynChs it is advisable to reduce the number of fragments to transform by connecting together transcription units (e.g. via fusion PCR or Golden Gate cloning).
Next to transformation efficiency, fidelity of assembly (i.e. percentage of the transformants harbouring all transformed fragments in the correct order) is of paramount importance for functional pathway construction. Verification of the SynChs assembly by PCR, as performed in most other synthetic chromosome assemblies (14, 18) , is not only too labour intensive considering the large number of assembled fragments, but it is also unreliable. Indeed, PCR erroneously indicated a correct configuration for IMF1. Sequencing dozens of chromosomes by next generation sequencing is also time-consuming and costly. We therefore set up a screening pipeline consisting in a first selection based on the presence of auxotrophic markers distributed on the SynCh, followed by fluorescence-activated cell sorting (FACS) of transformants expressing the fluorescent markers also distributed evenly on the SynCh, the subsequent filtering based on chromosome size by Karyotyping and a final confirmation of correct assembly by sequencing ( Fig. 1B) .
To test the fidelity of assembly and assess the ease of our screening pipeline a novel SynCh design was made (Suppl. Fig. S6 ). The 100 Kb Syn12 chromosome was similar to 100 Kb SynCh carried by IMF6, except that only two fluorescent markers, mRuby2 and mTurquoise2, were included, to prevent unwanted recombinations between the highly similar mTurquoise2 and Venus genes, and the strongly expressed mRuby2 was relocated away from the centromere. From the transformation of 43 fragments of ~2.5 Kb, eleven colonies were screened for correct SynCh assembly. Eight (73%, Fig. 3B and Suppl. Fig. S7) showed double fluorescence, of which five displayed the correct SynCh size by karyotyping (45% of all transformants, Suppl. Fig. S8 ). Of these five correctly sized SynChs, four proved to be correctly assembled by Illumina whole genome sequencing (Suppl. Fig. S3 ). Therefore a remarkably high assembly fidelity of 36% was reached when assembling 43 fragments in S. cerevisiae. It should be noted however that although sequencing data showed coverage for all fragments in the four correct colonies, two showed uniform coverage of all fragments (Syn12.4 and Syn12.8) while in the other two, the coverage of a small number of fragments differed from the rest of the SynCh (four and two E.coli filler fragments with lower coverage for Syn12.1 and Syn12.3 respectively). This coverage variation most likely results from population heterogeneity, with subpopulations carrying different SynChs configurations. This heterogeneity might have occurred early during SynCh assembly, even though the strains were selected after single colony isolation, or later by recombination events occurring during strain propagation. Sequencing of IMF2 and IMF6, carrying the 50 Kb and 100 Kb original SynCh design, confirmed a uniform coverage for all fragments in these strains.
It is important that assembly of the synthetic chromosomes does not result in a large number of mutations in the native genome nor in the assembled synthetic chromosomes. Sequencing data revealed that the assembly of the SynChs resulted in a low number of mutations in the native genome as well as in the assembled SynCh. The four correctly assembled SynChs: Syn12.1 (IMF24), Syn12.3 (IMF25), Syn12.4 (IMF26) and Syn12.8 (IMF23) contained 3, 1, 13 and 12 SNPs in the SynCh, respectively (between 0% and 58% of all mutations identified in the SynChs were located in SHRs, most likely originating from amplification primers (20) ); and the native genome contained 1, 0, 2 and 0 mutations in coding regions, respectively (Suppl. Table S1-S2). This was similar to the previously constructed IMF2 (50 Kb) and IMF6 (100 Kb) strain which only harbored no and a single mutation in coding regions of the native genome; and 5 and 16 mutations in the SynCh, respectively (Suppl. Table S1-S2).
Application of synthetic chromosomes as DNA landing pads
Supernumerary SynChs can be attractive landing pads to add, remove or modify functionalities. While recent chromosome engineering efforts have demonstrated that native S. cerevisiae chromosomes are extremely robust to large changes in their size and number (27, 28) , very little is known about S. cerevisiae's tolerance to in vivo synthetic chromosome editing (19) . The 50 Kb and 100 Kb SynChs carried by strains IMF2 and IMF6 respectively, were used as landing pads for the integration of an additional 35 Kb of noncoding DNA (Fig. 4) . mTurquoise2 was targeted by CRISPR-Cas9 for introducing a double strand break and replaced by the 35 Kb construct in vivo-assembled from 16 DNA fragments, resulting in two chromosomes of 85 Kb and 135 Kb. FACS (loss of mTurquoise2 fluorescence), diagnostic PCR, karyotyping and sequencing revealed correct integration of all fragments (Suppl. Fig. S9, S10, S3 ).
Physiological characterization of the initial strains harbouring the four differently sized SynChs (50 Kb in strain IMF2, 85 Kb in strain IMF12, 100 Kb in strain IMF6 and 135 Kb in strain IMF11) revealed that they grew on average 8% slower than their prototrophic parental strain (IMX2059), irrespective of SynCh size (Fig. 5 ). Genome sequencing did not reveal mutations that could explain the decrease in growth rate (Suppl. Table S1-S2). Conversely, IMF23 (100 Kb Syn12.8), with the improved SynCh design, in which the highly expressed mRuby2 was re-located from its place adjacent to the centromere and in which Venus (highly homologous to mTurquoise2) was removed, showed the same growth rate as the parental strain.
As S. cerevisiae is tolerant to variations in the number of native chromosomes (27) (28) (29) , the observed slower growth phenotype for four of the SynCh strains might be specific to the SynCh design. It has been previously shown that the size of artificial chromosomes affect their stability (30) (31) (32) (33) . In selective medium, SynCh loss would result in cells unable to grow and thereby in reduced growth rate. To evaluate the mitotic stability of the SynChs, IMF2, IMF12, IMF6, IMF11 and IMF23 were sequentially transferred in selective media and plated on both non-selective (YPD) and selective media (SMD). Along four successive culture transfers (ca. 25 generations), the viability of the strains on non-selective medium was similar to that of the prototrophic control strain CEN.PK113-7D ( Fig. 5 ), or a control strain containing a 6.5 Kb centromeric plasmid (IMC153) (one-way ANOVA with Post-Hoc Tukey-Kramer, P>0.05).
Plating on selective medium revealed that for the four SynCh with the initial design (IMF2, IMF12, IMF6, IMF11), 14% to 30% of the population lost their SynCh (Fig. 5 ). This percentage remained stable over 25 generations (Suppl. Fig. S11 ), and most likely explained the reduced growth rate measured for SynCh-bearing strains. Indeed the SynCh with the improved design (IMF23), which did not show a reduced growth phenotype was highly stable with 92% of the population retaining the SynCh, which is the same as the control strain IMC153, carrying a 6.5 Kb centromeric plasmid with the same auxotrophic markers as located on the SynChs, and with the same parental strain as the SynCh strains ( Fig. 5 ). Contrary to earlier reports (30, 33) no correlation was observed between SynCh size and stability (IMF2, IMF12, IMF6 and IMF11 with increasing SynCh size showed stability of 80%, 86%, 70% and 81%, respectively). Therefore, empty SynChs can be very stable. Reduced stability observed for four of the SynCh is unlikely to have resulted from homology between mTurquoise2 and Venus, since these were only both present in IMF2 and IMF6 and not in IMF12 and IMF11, which also showed reduced stability. The reduced stability was most likely caused by strong expression of mRuby2 close to the centromere, which might cause chromosome mis-segregation or replication interference. This could result in a mother cell retaining one copy of the SynCh and the daughter cell zero copies (1:0 segregation) or the mother retaining two copies and the daughter zero (2:0 segregation) ( Fig. 6C ). From the coverage of reads belonging to the SynChs, we estimated that average copy numbers of 0.6, 1.5, 1.5, 1.7, for the 50 Kb (IMF2), 85Kb (IMF12), 100 Kb (IMF6) and 135 Kb (IMF11) SynChs, respectively ( Fig. 6A and Suppl. Fig. S3 ). Since reads coverage was uniform along the SynChs, the most likely explanation for these non-integer average SynCh copy numbers far from one, is an heterogeneous population with cells carrying none, one, two, or more SynCh copies.
Remarkably, the improved SynCh design (IMF23) showed an average copy number of one, confirming its stable design. Copy number variations were confirmed by monitoring mRuby2 fluorescence, which is present on all SynChs. For the SynChs with less optimal design, the larger the SynCh, the higher the fraction of cells with high fluorescence (indicating multiple copies, Fig. 6B ). For the new design (IMF23) most cells showed the same fluorescence intensity as the control in which mRuby2 (with the same promoter and terminator) was integrated in single copy in the genome of the SynCh parental strain (IMX2224) (Fig.   6B ).
Synthetic chromosomes as platforms for exclusive expression of (essential) pathways
SynChs have the potential to become powerful platforms for genome engineering, to rewire yeast native gene networks as well as to act as versatile expression hubs for heterologous pathways and processes.
The transplantation of the complete human purine pathway to a neochromosome (34) is an encouraging demonstration, however the potential of SynChs as orthogonal expression platforms hasn't been fully explored yet. Using the pathway swapping concept, we used SynChs as exclusive expression platform for the essential glycolytic pathway, and evaluated the impact of SynCh-borne glycolysis expression on yeast physiology. The 50 Kb (IMF2) and 100 Kb (IMF6) "empty" SynChs were assembled in the SwYG (16) ancestor strain IMX1338, in which the set of 13 genes coding for the glycolytic pathway has been relocalized to a single genomic locus. Using CRISPR-Cas9 editing combined with in vivo assembly of 13 glycoblocs ( Fig.4) , the 35 Kb glycolytic cassette was introduced in the mTurquoise2 locus of the 50 Kb and 100 Kb SynChs. The successful removal of the single locus glycolysis from chromosome IX in these strains harbouring a second, SynCh-borne glycolytic gene set demonstrated that SynChs can serve as exclusive expression hubs for essential pathways (strain construction represented in Fig. 7) . The strains carrying "glycolytic SynChs" IMF18 (glycolysis on 85 Kb SynCh) and IMF17 (glycolysis on 135 Kb SynCh) were grown in aerobic batch cultures in chemically defined medium with glucose as sole carbon source, and compared to IMX2109, a control strain carrying an identical genetic configuration of glycolysis on chromosome V. Both IMF17 and IMF18 grew significantly slower than the control strain ( Fig. 5 ), IMF17 growing 14% slower than IMF18. Several hypotheses could explain this decreased growth rate of strains with glycolytic SynChs, i) the unfortunate occurrence of deleterious mutations in the native or synthetic chromosomes during transformation, ii) the low expression of SynCh-borne glycolytic genes and resulting decreased glycolytic flux, iii) the loss of SynChs, or iv) stalled replication due to transcription-replication clashes at the clustered glycolysis. Both IMF17 and IMF18 carried the same mutation in the GPM1 promoter, in addition IMF17 carried non-synonymous mutations in TPI1 and PFK2 ORFs (Suppl . Table S2 ).
However none of these mutations caused a decrease in the specific activity of the corresponding enzymes tested in vitro comparing IMF17 and the ancestral SwYG strain (16) (Fig 5) , demonstrating that mutations in the glycolytic genes was most likely not responsible for the decreased growth rate of IMF17 and IMF18.
A few mutations were observed in coding regions of other genes, and it cannot be excluded that they contributed to decreasing the growth rate of IMF17 and IMF18 (Suppl . Table S1 ). Secondly, the similar or higher specific activity in glycolytic enzymes between IMF17 and the ancestral SwYG strain(16) expressing glycolysis from a native chromosome (Fig. 5) indicated that low expression of SynCh-borne glycolytic genes was not involved in the reduced growth rate of IMF17 (and IMF18). Furthermore, previous studies have shown that an increase in specific activity of glycolytic enzymes does not result in a decrease in growth rate (35, 36) . Alternatively, this decreased growth rate might result from SynCh instability and potential loss in a fraction of the yeast population. Because loss of glycolytic SynChs leads to lethality in selective as well as in non-selective medium (e.g. YPD or YP ethanol), testing their stability is challenging. However, the viability of glycolytic SynCh strains on YPD could be used as indicator of SynCh loss when comparing with the viability on YPD of control strains and empty SynCh strains IMF12 and IMF11. IMF12 and IMF11 can survive SynCh loss on YPD medium, in which they display a viability similar to that of the control strain (85-92%). Conversely, the viability of IMF18 (85 Kb glycolytic SynCh) and IMF17 (135 Kb glycolytic SynCh), were significantly reduced on YPD to 73% and 68% respectively and on SMD medium to 77% and 70% respectively ( Fig. 5 ). Assuming that this decreased viability results from SynCh loss, ca. 20% of the IMF17 and IMF18 population would lose their glycolytic SynCh. The SynCh loss would therefore be similar for SynChs with and without the glycolytic genes. The reduced growth rate of IMF17 and IMF18 does therefore most probably not result from a lower stability of glycolytic SynChs as compared to empty SynChs. Lastly, stalled replication of the SynChs due to transcription-replication clashes cannot be excluded as cause of the decreased specific growth rate.
DISCUSSION
The present study explores the potential of de novo assembled synthetic chromosomes to operate as large, modular expression islands in the popular workhorse and model strain S. cerevisiae. The design and construction workflow of SynChs developed in this study are highly versatile, enabling the facile construction of chromosomes with a wide variety of configurations.
Probing the limits of in vivo assembly, the present results demonstrate that a large number of DNA fragments of the size of expression cassettes can be efficiently assembled de novo in yeast. While other studies have reported this remarkable feature of S. cerevisiae (e.g. assembly of 38 fragments of 200 bp (13) , and 25 fragments of 24 Kb (14)), quantitative information on the transformation and assembly efficiencies and fidelity was so far lacking. The SynCh assembly from 44 fragments, the record to date, showed a remarkably high efficiency, with 36% of faithfully assembled SynChs. This efficiency is substantially higher than previously reported, for instance by Annaluru et al. (37) where assembly of 27 fragments into chromosome III resulted in 0.5% of clones with the expected marker combination. Still, increasing the number of fragments was accompanied by a decrease in transformation efficiency and in the total number of clones on plates, which can become a limitation for the modular assembly of large SynChs. The construction of SynChs involves several cellular mechanisms, many of which are yet poorly understood but need to be considered to further enhance the SynChs construction efficiency. For instance, access of all required DNA fragments to the nucleus is essential for SynCh assembly, but the mechanisms involved in DNA translocation during transformation are not fully resolved and are poorly investigated. Once all DNA fragments have reached the nucleus, the HDR machinery has to be mobilized to repair a large number of lethal double strand DNA breaks (DSBs). While the number of simultaneous DNA breaks that S. cerevisiae tolerates is yet undefined, hundreds of simultaneous repairs most probably present a formidable challenge. Additionally, while HR is the preferred mechanism for DSB repair in S. cerevisiae, other, nonhomologous repair mechanisms exist (38, 39) , and might take over when the HR machinery is inactive or saturated, thereby promoting erroneous assemblies. Inactivation of non-homologous end joining (NHEJ) is unfortunately not an option in S. cerevisiae as, due to the pleiotropic role of the NHEJ proteins, it leads to deleterious consequences (40) (41) (42) . Last but not least, assembly in a complete SynCh is not a guaranty for cell survival, as they have to recover from the transformation stress, which is yet another poorly explored phenomenon. The combination of complex and often poorly understood events that have to take place for DNA to be assembled largely explains why typically a small fraction only of the transformed cell harbour the expected constructs (ca. one cell out of millions). One thing is however certain: the full potential of yeast in vivo assembly hasn't been reached yet. While intensive efforts have been made to turn E. coli into a universal molecular biology tool, the power of S. cerevisiae as DNA assembly platform has so far been largely untapped. Despite the pivotal role played by S. cerevisiae in the last decade in the assembly of genomes (14, (43) (44) (45) (46) there is so far relatively little effort invested in turning this yeast into a universal and powerful DNA assembly platform (47, 48) , a situation that we expect to see change in the future.
SynCh stability and impact on the host physiology is a critical feature for the applicability of SynChs for synthetic biology. In the present study, introduction of four differently sized empty SynChs caused a decrease in specific growth rate and in SynCh loss in 20% of the cell population. In-depth analysis by Illumina sequencing and flow cytometric analysis showed a lower average SynCh copy number at population level and per cell for the smallest, 50 Kb chromosome. For larger SynChs the average copy number was above one, considering that part of the population did not carry a SynCh, it means that a substantial fraction of the cells carried more than one SynCh. This phenotype is most likely explained by aberrant segregation of the SynChs caused by strong expression of the gene located next to the centromere (49) , impairing the centromere function. However the lower average copy number of the smallest SynCh could also be caused by failed replication or loss of the SynCh. Still, the average percentage of cells in a population (70 to 86%) containing at least one SynCh copy was similar between chromosomes of 50 to 135
Kb. Comparing the stability of the empty SynChs with published data is not straightforward as earlier work with YACs typically evaluates plasmid loss in non-selective media. However the absence of sizedependency of SynCh stability contrasts with earlier work showing that circular chromosomes increase in stability up to ~100 Kb but decrease in stability above this size, a phenomenon tentatively attributed to the formation of dicentric dimeric circles (30, 33, 50) . Preventing intensive transcriptional activity close to the centromere, and thereby decreasing mis-segregation events, resulted in restored growth rate and increased stability up to 92% of cells retaining the SynCh with an average copy number of one. Considering future applications in synthetic biology, population homogeneity might be further enhanced by linear SynCh design, either by linearization of the circular SynChs (for instance with the telomerator carried by the SynChs (23)) or direct, de novo assembly of linear SynChs. Alternatively, other strategies to improve segregation such as equipping chromosomes with synthetic kinetochores can be considered (51) .
The present study demonstrates for the first time that synthetic chromosomes, fully de novo assembled from transcription-unit sized DNA parts can serve as exclusive, orthogonal expression platforms for essential metabolic pathways. There are few reports using synthetic and artificial chromosomes to express genes in yeast using heterologous genes or, in the case of the tRNA neochromosome, expressing a second, complete set of tRNAs, which understandably lead to a decrease in growth rate (34, 50, (52) (53) (54) (55) .
In the present study, the native glycolytic and fermentative pathways were transplanted from a native chromosome to a SynCh with an identical genetic configuration (Fig. 4) , a unique experimental set-up that enables the direct comparison of native and SynCh-borne expression of an entire pathway. This approach revealed that synch-based expression of an essential pathway reduced the host specific growth rate by ca.
14-24% and suggested a negative correlation between SynCh size and growth rate. Although this decrease
in growth rate could be partly explained by aberrant segregation due to strong gene expression adjacent to the centromere as observed for the empty SynCh, other factors most probably play a role. Reduced expression and capacity of the glycolytic and fermentative enzymes or population heterogeneity in term of SynCh copy number are most likely not involved. One important aspect to consider is that the expression of the clustered glycolytic and fermentative genes is driven by some of the most highly transcriptionally 
